• We developed an MRI-method estimating arterial/venous CBV and BOLD signal changes.
Introduction
Negative blood oxygenation level dependent (BOLD) responses (NBR) have been observed both in animals and humans. NBR can be caused by several independent mechanisms (Kim and Ogawa, 2012) including inhibitory neurogenically driven decreases in cerebral blood flow (CBF) (Shmuel et al., 2002) , vasoconstriction in the absence of decreases in neural activity (Shih et al., 2009) , or increases in the cerebral metabolic rate of oxygen (CMRO 2 ) with no or insufficient CBF increases (Schridde et al., 2008; Zappe et al., 2008) . Under which circumstances the NBR has a vascular or metabolic origin has remained controversial. For this reason, and due to the potential of the negative signal to shed further light on neurovascular coupling, NBR is in the focus of current research (Hutchison et al., 2013; Mullinger et al., 2014; Schäfer et al., 2012; Smith et al., 2004; Tajima et al., 2010; Vafaee and Gjedde, 2004) . Early work suggested that the NBR was a result of non-neurally driven hemodynamic mechanisms, such as vascular steal (Harel et al., 2002; Woolsey et al., 1996) . However, recent work obtaining electrophysiological recordings simultaneously with BOLD-based functional magnetic resonance imaging (fMRI), in anesthetized macaque monkeys, suggests that decreases in the CMRO2 and neural activity are the major contributors (>60%) to NBR (Shmuel et al., 2006) . Further studies (Kennerley et al., 2012b; Pasley et al., 2007) leave no room for non-neurally driven CBF contributions to NBR, and suggest that neurovascular coupling is conserved for both the positive and negative BOLD responses. There is now a general consensus that the NBR is accompanied by decreases in CBF and CMRO 2 , as shown with fMRI in human visual and motor cortex (Pasley et al., 2007; Shmuel et al., 2002; Stefanovic et al., 2004) , with fMRI in monkey visual cortex (Shmuel et al., 2006) , and with fMRI and optical imaging spectroscopy (OIS) in rat somatosensory cortex (Boorman et al., 2010; Kennerley et al., 2012b ).
More refined layer-dependent studies of NBR in sensory motor cortex of rats and visual cortex of monkeys suggest that the NBR peaks in deeper cortical layers, while the positive gradient echo (GE) BOLD response (PBR) peaks at the cortical surface (Boorman et al., 2010; Goense et al., 2012) . The role of cerebral blood volume (CBV) in NBR has remained elusive. Measurements with OIS and monocrystalline iron oxide nanoparticles (MION) reveal vasoconstriction in regions of NBR in rat somatosensory cortex (Boorman et al., 2010; Kennerley et al., 2012b) and cat extrastriate cortex (Harel et al., 2002) . Goense et al. (2012) , on the other hand, investigated CBV changes in regions of NBR with vascular space occupancy (VASO) (Lu et al., 2003; Yang et al., 2004) and MION in visual cortex of monkeys. They reported a significant and surprising increase of CBV in deeper layers of the cortex during inhibitory tasks (Smirnakis et al., 2007) . Follow-up studies suggest that this increase of CBV in regions of interest (ROIs) showing NBR is specific to stimulus and area (Bohraus et al., 2013) . These and earlier studies (Smirnakis et al., 2007) suggest that BOLD and CBV do not necessarily represent equivalent fMRI processes and mechanisms. In contrast to animal research, the role of CBV with regard to PBR and NBR has not yet been investigated in the human brain. In this study, a recently developed multi-echo CBV-sensitive Slice-Saturation Slab-Inversion Vascular Space Occupancy (SS-SI-VASO) variant with BOLD correction (Huber et al., 2013b) was used to investigate the spatiotemporal characteristics of the hemodynamic response during stimuli that elicit positive and negative BOLD signal changes in human brain at 7T. The goal of this study is to understand the underlying hemodynamic mechanisms of both PBR and NBR. This is achieved by breaking down the vascular response from BOLD signal changes, distinguishing larger pial (macro) vessels from microvasculature, and by separately investigating CBV components with arterial and venous-like oxygenation levels.
Materials and Methods

Theory of BOLD-Dependent T 2 * in SS-SI-VASO
The signal intensity, S, of a parenchyma voxel acquired with blood nulling (bn) and in a control condition without blood nulling (ctr) can be considered as a sum of magnetizations from grey matter (GM) tissue and arterially oxygenated (a) and venously oxygenated (v) blood:
where V i , ρ i , and M i denote the volume, relative proton density, and the z-magnetization of GM and blood within a voxel respectively. TI is the inversion time and TE is the echo time. In SS-SI-VASO, BOLD-contaminated VASO images with blood nulling are acquired interleaved with purely BOLD-weighted control images without blood nulling.
Extravascular BOLD contaminations are assessed and eliminated by dynamic division of images obtained with and without blood nulling. By means of the division, the transverse relaxation term cancels out, and the resulting signal is dependent on M z only (Huber et al., 2013b) .
However, this formulation does not consider the fact that there are different blood compartments with different baseline T 2 * values. Thus, we need to extend the model to distinguish blood components with long and short T 2 * values.
2.1.1. T 2 * Model to Estimate 'Arterial' and 'Venous' CBV It is well known that there is a direct correlation between intravascular blood T 2 * and oxygenation level (Ivanov et al., 2013) . In the present study, the multi-echo VASO sequence enabled comparisons between the T 2 * of parenchyma (tissue and vessels) and GM (tissue without vessels), which were used to estimate the T 2 * of the blood component showing the majority of the blood volume changes. This was further evaluated to estimate whether blood volume changes occur in the portion of blood volume with longer baseline T 2 * , which we denote by 'arterial' oxygenation values, or in the portion blood volume with shorter T 2 * , which we denote as 'venous' oxygenation. Since 'arterial' and 'venous' blood portions are here considered based on their oxygenation level and not on anatomical structure, the terms 'arterial' and 'venous' are denoted in quotes. The separate consideration of 'arterial' and 'venous' CBV change based on their T 2 * can be regarded as distinguishing between BOLDspecific and BOLD-nonspecific CBV changes (Chen and Pike, 2010) .
A comprehensive quantitative model of the algorithm to separate the 'arterial' and 'venous' compartment of blood volume change is provided in the appendix. Estimation of venously oxygenated CBV change can be intuitively understood as follows; with the procedure of dynamic division, SS-SI-VASO is sensitive to volume changes of the blood component that is nulled in one condition (bn) and not nulled in the other condition (ctr). Hence, for very short TE, both 'arterial' and 'venous' blood compartments are nulled for the bn condition, but in the control condition they both contribute to the signal. Using a longer TE (e.g. TE > 30 ms), there is a difference in signal arising from 'arterial' and 'venous' blood. For long TEs, 'arterial' blood will be nulled for the bn condition, but not for the control condition-while 'venous' blood will be nulled in both conditions. In the blood nulled condition, 'venous' CBV is nulled due to T 1 selective nulling of the VASO contrast. In the control condition 'venous' blood contributions will be highly suppressed due to fast T 2 * relaxation and dephasing of signal from deoxygenated blood ('venous' T 2 * ≈ 12 ms (Ivanov et al., 2013) ). When the signal intensities of these two images are divided, 'venous' CBV change does not result in functional VASO signal change. 'Arterial' blood volume change, on the other hand, which is suppressed in the bn condition only, can contribute to the functional contrast.
Hence, SS-SI-VASO reflects the total CBV change at short TE and arterial-weighted CBV changes at longer TE. A comparison of these, almost simultaneously acquired contrasts can be used to estimate 'venous' CBV change.
For quantitative estimates of 'arterial' and 'venous' CBV changes, literature values of 'arterial' and 'venous' T 2 * were used (appendix). In this study, 'arterial' and 'venous' CBV were defined by their T 2 * values and oxygenation characteristics, and not by an anatomical vessel classification. Hence, we have assumed that changes in 'venous' CBV take place in microvasculature already containing a significant concentration of deoxyhemoglobin.
Image acquisition
SS-SI-VASO was implemented on a Siemens MAGNETOM 7T scanner (Siemens Healthcare, Erlangen, Germany). For radiofrequency (RF) transmission and reception, a 24-channel receive and circularly polarized single-channel transmit head coil (Nova Medical, Wilmington MA, USA) was used. To circumvent the effects of inflow of fresh (non-inverted) blood magnetization into the microvasculature of the imaging slice, which can be problematic in VASO at 7T , the inversion efficiency of the inversion pulse was reduced, so that the blood nulling time of the VASO sequence was shorter than the arterial arrival time.
In order to achieve proper inversion despite inhomogeneity of the RF field B 1 and limitations imposed by the specific absorption rate (SAR), a TR-FOCI adiabatic inversion pulse (Hurley et al., 2010) was implemented and redesigned to achieve partial inversion in a B 1 -independent manner (Huber et al., 2013b . Maps of B 1 and the static field amplitude B 0 were acquired with a modified actual flip angle imaging (MAFI) (Boulant et al., 2009 ) method for each subject to ensure proper performance of the inversion pulse used (data not shown).
For the purpose of estimating voxel-wise tissue composition independent of distortions, further inversion recovery measurements with multiple inversion times (TI 1 s) of 36/200/300/1200/1500 ms were performed with acquisition parameters otherwise identical to the functional scans. Four additional experiments were conducted to measure CBF changes in ROIs of PBR and NBR. To account for SAR-and B 1 -constraints of pulsed arterial spin labeling (PASL) using a head coil at 7T, a TR-FOCI (Hurley et al., 2010) pulse was implemented in a FAIR-QUIPSSII (Kim, 1995; Wong et al., 1998) In order to compare VASO results acquired in humans with results from monkeys at higher resolutions, the same SS-SI-VASO sequence used in the human experiments was implemented on a monkey model. These comparisons help in distinguishing between influences of methodology or experimental setup, and can provide additional insights in the interpretation of the human results in the light of previous studies. Hence, SS-SI-VASO, as described above, was implemented on a 7T vertical primate scanner (Bruker Biospec 70/60v, Bruker Biospin GmbH, Ettlingen, Germany) and used in four experiments (imaging the same monkey) employing the experimental setup described in Goense et al. (2010) . For further details of experimental hardware (e.g. magnet and RF coils) and animal preparation (e.g. anesthesia and rotating ring stimulus presentation) please refer to (Goense et al., 2012; Logothetis et al., 1999; Pfeuffer et al., 2004) . The adapted SS-SI-VASO parameters were 0.6332 x 0.75 x 3 mm 3 nominal voxel size and TE/TI 1 /TI 2 /TR = 7.8/785/2285/3000 ms.
Experiments were approved by the local authorities (Regierungspräsidium BadenWürttemberg, Germany) and were in full compliance with the guidelines of the European Community (EUVD 86/609/EEC) for the care and use of laboratory animals.
Experimental Setup
Three different 12min visual stimulation paradigms (alternating 30s rest vs. 30s stimulation) were used to investigate BOLD signal and CBV changes in regions of PBR and NBR in 17 healthy human volunteers (8 female, 21 to 32 years old). Two of the paradigms consisted of a full-field flickering checkerboard (8 Hz) and a small circle flickering checkerboard (8 Hz). The small flickering checkerboard paradigm (Wade and Rowland, 2010) was chosen in this study because it induced stronger NBR in pilot experiments compared to small ring stimulation paradigms (Pasley et al., 2007; Shmuel et al., 2006; Shmuel et al., 2002) . The full field stimulation paradigm was used for comparison of the same cortical regions during different stimulation paradigms. For the sake of comparison with recently published results in monkeys, a rotating ring checkerboard (rotation 2π/3 rad/s, switching rotation direction every 1.5-6 s) was also presented (Goense et al., 2012; Shmuel et al., 2006) (Fig. 1) . Based on electrophysiology experiments in monkeys with similar stimuli (Shmuel et al., 2006) , we assume that the stimuli used here induce a neural response that is either predominantly excitatory or inhibitory, in regions of PBR and NBR, respectively. However, at the level of individual neurons, both excitation and inhibition are taking place in both NBR and PBR. The terms 'excitatory' and 'inhibitory' are thus used here to describe the stimulation paradigms and their response with regard to their net response within the considered brain regions analogous to earlier studies (Stefanovic et al., 2004) .
To control attention and visual fixation, subjects performed a concurrent task in which they responded to subtle color changes of a barely visible fixation point for the duration of the experiments.
Data analysis
The data analysis procedure is graphically summarized in Fig. 1 . Magnetic resonance images were motion corrected using SPM8 (Welcome Department, University College London, UK). Statistical analysis was done using FSL Feat (Version 5.98) (Worsley, 2001) . In order to estimate voxel-wise tissue composition independent of slice orientation and image distortions, data from multiple TI experiments were used to generate fractional volume maps of GM, white matter (WM) and cerebrospinal fluid (CSF) (Shin et al., 2010) . Assumed T 1 values were T 1,WM /T 1,GM /T 1,CSF = 1.4/1.9/4.2 s. Functional ROIs were defined based on the BOLD data as a cluster of voxels having z-values above 2.0 and a significance level of p < 0.05 (automatically corrected for multiple comparisons in FSL based upon GRF theory), after smoothing with a kernel size of 1 mm. All further analysis was done in these ROIs defined from BOLD data meaning that the same ROIs were used for analyzing BOLD and VASO data. Analysis was done on unsmoothed data with in-house written C++ algorithms using libraries of GSL (Galassi and Gough, 2006) and ODIN (Jochimsen and von Mengershausen, 2004) .
Surface Detection
Variations of GM voxels T 1 resulting from partial voluming of CSF and WM was used to distinguish voxels containing GM and CSF (T 1 > T 1,GM ) from voxels containing GM and WM (T 1 < T 1,GM ) (Huber et al., 2013b) . This separation algorithm is based on the assumption that at the resolution used, simultaneous partial voluming of any voxel with both WM and CSF does not occur.
Because voxels with more CSF partial voluming also have a higher probability of containing superficial cortical layers and pial vessels, these voxels are hereafter referred to as surface GM voxels, in contrast to deeper GM voxels. The threshold of CSF partial voluming to separate the two subsets within the functional ROIs is adjusted such that the numbers of surface and deeper GM voxels are equal. This is done to avoid biases across subjects with different curvature. Considering a nominal voxel size of 1.3 -1.5 mm, the voxel size is 70% -80% of the cortical thickness of V1 of 1.8 ± 0.2 mm (Jiang et al., 2009 ). This resolution is thus insufficient to resolve laminar features, but adequate to estimate the influence of surface vasculature. Considering the laminar dependence of total CBV at rest, surface voxels are assumed to have 12% higher baseline CBV than deeper layers (Kennerley et al., 2005; Zhao et al., 2006 ) (see also discussion and Fig. 3D ). Average baseline CBV within GM was assumed to be 5.5% .
Results
Stimulus Setup:
Using an eye tracker inside the MRI bore, we observed small (1°-1.5° of visual field) saccadic eye movements during each 12min experiment. These saccadic movements were slightly smaller than the central circles of the stimulation paradigms. When asked, subjects reported an after-image detectible for 2-10s with the small flickering stimulation paradigm and 20-30s with the rotation ring stimulation paradigm.
Spatial Activity Maps
Significant positive BOLD and corresponding negative VASO signal changes were detected for the rotating ring and small flickering stimulation paradigms in all subjects. For the rotating ring stimulation paradigm, in three of the 17 subjects, significant negative BOLD signal and positive VASO signal changes were detected in one hemisphere only, most probably due to suboptimal positioning of the imaging slices. The regions of interest (ROIs) of activation and deactivation are remarkably similar in maps of BOLD and VASO signal change; the retinotopic organization of visual cortex can clearly be identified in the statistical activation maps (Fig. 2) . The GM voxels identified as significantly modulated by the three tasks contained average volume distributions of 19% WM, 68% GM and 12% CSF.
The number of voxels in ROIs of NBR was significantly (p < 0.0001) smaller for the rotating rings stimulation paradigm (average number of voxels 81) compared to the small flickering checkerboard paradigm (average number of voxels 960) with resultantly decreased SNR.
Surface and Deeper Laminae
Differences in cortical curvature within ROIs of PBR and NBR and differences in hemodynamic response in different cortical areas can result in systematic errors when comparing signal changes across activated and deactivated regions. To avoid such bias, positive and negative responses were considered in the same ROIs, but for different stimulation paradigms. Positive (excitatory) and negative (inhibitory) responses refer to fullfield and small flickering checkerboard stimulation, respectively. Positive gradient echo (GE) BOLD signal change was largely dominated by surface GM voxels. CBV on the other hand did not show this pattern and was not significantly different between surface and deeper GM voxels (Fig. 3A) . During inhibitory tasks, NBR amplitude was larger (p < 0.05) in deeper laminae (Fig. 3B) , as observed previously (Boorman et al., 2010; Goense et al., 2012) .
Vasoconstriction during inhibitory tasks is highly dominated by surface GM voxels (p < 0.001) (CBV change in Fig. 3B ).
Regarding the sensitivity to surface vessels and deeper laminae, the change of CBV v has a clear signature. The relative 'venous' contribution is significantly (p < 0.001) higher in deeper GM voxels without larger vessels (40%) compared to the surface GM voxels containing such vessels (19%) (Fig. 3C) .
Time Course Analysis
VASO-CBV and BOLD signal time courses during the small flickering checkerboard stimulation paradigm are shown for ROIs with PBR and NBR in Figs. 4A and 4B, respectively. The time at which the BOLD signal crosses the baseline after stimulus cessation in ROIs of NBR (2.9 s ± 1.7 s) is significantly (p < 0.001) earlier compared to that of PBR ROIs (7.6 s ± 2.8 s)-consistent with previous observations (Goense et al., 2012; Kennerley et al., 2012b; Shmuel et al., 2006) . When the mean signal is averaged across each respective ROI, both BOLD signal and CBV changes have the same sign in ROIs with NBR as compared to ROIs with PBR. The mean amplitude of both CBV change and BOLD response in ROIs of NBR is (35 ± 5)% of the amplitude of the ROIs of PBR, suggesting a conserved neurovascular coupling for both cases.
'Arterial' and 'Venous' CBV
To avoid the bias of potentially different vascularization in different parts of the visual cortex (Weber et al., 2008) , 'arterial' and 'venous' blood volume changes (ΔCBV a/v ) are considered in one part of the cortex only, namely in ROIs that show NBR in response to the small circle flickering checkerboard visual stimulation. These GM voxels are considered during excitatory tasks (full-field stimulation) and inhibitory tasks (small circle stimulation). During the excitatory task, the total CBV change, ΔCBV tot , of (23.7 ± 2.2)% is composed of (16.6 ± 1.6)% 'arterial' ΔCBV a and (7.1 ± 2.4)% 'venous' ΔCBV v . Therefore, the relative composition of ΔCBV tot is 71% 'arterial' ΔCBV a and 29% 'venous' ΔCBV v . 'Arterial' CBV a has a faster response and a faster post-stimulus baseline crossing, compared to the 'venous' CBV v response (Fig. 5B) , as observed previously in animals (Kennerley et al., 2012a; Kim and Kim, 2011; Zong et al., 2012) . 'Venous' ΔCBV v contribution appears negligibly small compared to ΔCBV tot (Fig. 5C) during the inhibitory task, as ΔCBV v is not significantly different from zero.
CBF
ASL-FAIR experiments provide a sufficiently high signal-to-noise-ratio (SNR) to estimate CBF changes in ROIs of PBR and NBR at 7T (Fig. 6B ). CBF time courses show similar dynamics compared to BOLD or 'arterial' CBV a . There is a significant CBF increase in ROIs with PBR and a significant CBF decrease in ROIs with NBR, as observed earlier in humans (Pasley et al., 2007; Shmuel et al., 2002; Stefanovic et al., 2004) .
Rotating Ring Stimulation:
The time courses in Fig. 7 refer to the ROIs with NBR during the rotating ring stimulation paradigm. Activation and deactivation refer to full-field flickering checkerboard and ring stimulation within these ROIs. Despite the smaller functional contrast-to-noise ratio (CNR) in the ring paradigm, the same temporal features of positive and negative responses can be seen, i.e. faster post-stimulus baseline crossing as well as the laminar-dependent characteristics in CBV and BOLD signal changes. Aside from the different amplitudes of the time courses, there is not significant difference between surface and deeper GM voxels.
Monkey Experiments
Positive and negative BOLD responses during a rotating ring stimulation paradigm could be detected with SS-SI-VASO in monkey brain (Fig. 8) . In the depicted sagittal slice, NBR in areas correspond to the ring of grey background, and PBR regions correspond to the outer checkerboard ring. Maps of BOLD corrected VASO signal change indicate increase in CBV in regions of NBR, consistent with earlier experiments in monkeys but in contrast to the human results in this study.
Discussion
The data presented in this study suggest that the effects of specific vasculature compartments on the BOLD signal changes can be investigated during excitatory and inhibitory tasks non-invasively in humans at 7T. With the relatively high SNR of the SS-SI-VASO method used here, the spatiotemporal characteristics of the interplay between BOLD and vasculature could be identified, such as differences in time courses and signal origin from different vascular compartments. Even though the voxel volume in FAIR experiments (3 x 3 x 3 mm 3 ) was eight times larger than that used with SS-SI-VASO (d 1.5 x 1.5 x 1.5 mm 3 ), the CNR of the functional CBV was still larger than the CNR of the functional CBF. This suggests that SS-SI-VASO can be a useful tool in obtaining high SNR non-BOLD hemodynamic responses at high fields, especially when no separate labeling coil for arterial spin labeling is available.
Given that the voxel size in this study was comparable to the cortical thickness (approx. 72%), surface GM voxels are likely to contain larger superficial arteries and veins as well as microvasculature of the middle and upper layers. Deeper GM voxels will contain microvasculature of the cortical tissue without influence from larger superficial vessels (Duvernoy et al., 1981; Weber et al., 2008) . The additional separation into 'arterial' and 'venous' CBV provides indications which type of vessels are responsible for the detected signal changes, arteries or veins.
The larger positive BOLD response at the surface (Fig. 3A) results most probably from the typical accumulation of blood oxygenation changes at the cortical surface, where the 'venous' blood leaves the cortex, and from the well-established GE BOLD sensitivity to larger veins (Kim and Ogawa, 2012) . The fact that VASO contrast is independent of whether the GM voxels contain larger surface vessels (Fig. 3A) suggests that its contrast has higher specificity to the microvasculature, similar to other CBV-sensitive modalities (Jin and Kim, 2008a, b) . The same was also seen in high-resolution (500x500 µm 2 ) data obtained in macaques in the current study (data not shown). Figure 3C shows a relatively larger proportion of 'arterial' CBV change in surface GM voxels compared to deeper GM voxels, while the 'venous' contribution to the total CBV change occurs predominantly in deeper tissue voxels. This is consistent with the fact that the contribution of larger veins at the surface is small compared to the overall CBV change, dominated by arterioles and capillaries (Hillman et al., 2007; Lee et al., 2001) . The larger arterioles close to the cortical surface, on the other hand, can contribute to the CBV change, in addition to the smaller arterioles and capillaries.
The interpretation of the results for inhibitory tasks (Fig. 3B and 5D ) is less obvious. Negative BOLD contrast shows smaller signal changes in surface voxels containing large superficial veins, and vasoconstriction is greatest in larger superficial arteries. The loss of surface dominance in the negative BOLD response can partly arise from contamination of pial vessels draining adjacent excited regions and passing though surface voxels of deactivated regions. This effect can explain artifactual BOLD signal changes up to about 3 mm away from the activated region (Turner, 2002) . Independently, it might also result from different underlying layer-dependent inhibition compared to excitation. The different laminar dependence might be also associated with an altered interplay of responses in different compartments of the vascular tree.
There are several indications in the CBV data that suggest altered dynamics within the different vascular compartments during inhibitory tasks as compared to excitatory tasks. Firstly, during inhibitory tasks the CBV change is dominant in surface GM voxels (Figs. 3B and  7) . This is in contrast to the excitatory case, where the CBV change is similar within surface and deeper GM voxels. Secondly, data shown in Figs. 5C and 5D suggest that the corresponding CBV decrease comes only from fully oxygenated arterial vessels, and not from the less oxygenated microvasculature and venules. Lastly, the faster CBV return to baseline after inhibitory stimulation is a further indication that the CBV decrease for the inhibitory task has an arterial origin.
If the neurovascular coupling were the same during excitatory and inhibitory tasks, it leads one to expect the same hemodynamic control mechanisms and the same interplay between the different vascular compartments. However, the different spatiotemporal hemodynamic response and different interaction of vascular compartments suggest differing neurovascular coupling during excitatory and inhibitory tasks. This might be associated with hemodynamic control mechanisms discussed earlier (Bandettini, 2012; Goense et al., 2012; Shmuel et al., 2006) .
It must be noted that VASO is a methodology only proportional to CBV change. In order to estimate the relative CBV change from the VASO signal change, a value of CBV rest needs to be assumed (usually 5.5%) . Although microvascular CBV rest is relatively homogeneously distributed across layers (Kim et al., 2013; Weber et al., 2008) , when macrovasculature is also included the total CBV rest was found to be largest at the cortical surface, decreasing with cortical depth (Kennerley et al., 2005; Zhao et al., 2006) . Higher CBV rest at the cortical surface is associated with a smaller relative ΔCBV for the same VASO signal change. Figure 3D depicts the reduction in the calculated ΔCBV in the surface voxels when the high macro-vasculature CBV rest in surface layers taken into account.
Limitations in Separation of 'Arterial' and 'Venous' CBV Change
Given the complexity of the vascular architecture, it is necessary to discuss the implications of the non-linear arterio-venous separation model.
Aside from the assumed T 2
* values, the model does not rely on assumptions regarding the vascular dynamics, interaction of vascular compartments, or spatial distribution of the vasculature within the MR images. Hence, it is expected to work across voxels with various vascular architectures and contributions of vascular compartments.
For every activation state (time point) four images are required (double echo images without blood nulling and double echo images with selective blood nulling) to calculate the 'arterial' and 'venous' CBV change. Hence, the method requires a relatively high temporal resolution of the BOLD and VASO signals. Linear interpolation between the consecutive image acquisitions and the short interval of 1.5 s (TI 2 −TI 1 ) used in this study enables the estimation of 'arterial' and 'venous' CBV time courses even during the transition periods between rest and activation.
'Arterial' and 'venous' blood are defined here based on their relaxation times and thus on their oxygenation level, and not by their anatomical architecture. Therefore, oxygenationlevel defined compartments do not necessarily coincide with anatomically defined compartments. Oxygen saturation is highest in large arteries, decreasing downstream to arterioles and capillaries (Yaseen et al., 2011) . Within the venules and veins, the oxygen saturation is nearly constant, independent of vessel size (Yaseen et al., 2011) . In fact, the largest drop in oxygen saturation appears to occur within the arterioles. Therefore, changes in 'venous' (65%-oxygenated) CBV, estimated in the proposed model, might arise to a small part from these arterioles as well as from capillaries, venules and veins. In arteries and arterioles during stimulation, the majority of the total CBV change occurs almost entirely due to an increase in the amount of fully oxygenated blood (Kennerley et al., 2012a) . The CBV changes in post-arterial compartments, however, are likely to mostly contain 'venous' CBV. Since the model is based on T 2 * of two predefined oxygenation levels of arteries (Y = 98.4±0.7%) and veins (Y = 64±6%) (Lu et al., 2008; Wehrli et al., 2014) , any oxygenation level in between these values is treated from the model as a superposition of a fraction of fully oxygenated arterial blood and a fraction of 64% oxygenated 'venous' blood.
Intravascular changes of T 2 * can alter the sensitivity of the separation method of 'arterial'
and 'venous' CBV. During a 5% hypercapnia challenge, the 'venous' oxygenation changes from (64±6)% to (72±6)% with a corresponding T 2 * change of 4 ms (intravascular BOLD effect) (Ivanov et al., 2013) . The variations in T 2 * during stimulation are expected to be of the same order of magnitude (Huber et al., 2013a) . This intravascular BOLD contamination suggests that between activation and rest, the method of separation of 'arterial' and 'venous' changes its sensitivity in each compartment. Since the stimulus-induced T 2 * change of 4 ms is much smaller than the T 2 * difference between 'arterial' and 'venous' CBV (37 ms and 12 ms (Ivanov et al., 2013) ), this contamination is believed to be negligible. In the appendix, this contamination is estimated and corrected for, using the variable C 1 .
Uncertainties in the literature values of arterial and venous oxygen saturation can affect the 'arterio'-'venous' separation model. Arterial and venous oxygen saturation variations are (98.4±0.7)% and (64 ± 6)% (mean ± standard deviation across subjects) (Lu et al., 2008; Wehrli et al., 2014) with corresponding uncertainties in T 2 * of ±2 ms (Ivanov et al., 2013) .
These variations come from subject dependent oxygen partial pressures (Gray and Steadman, 1964) . The corresponding uncertainty of 'arterial' and 'venous' CBV in individual subjects, estimated at about 15%, is smaller than the inherent noise level of the estimation of arterial and venous CBV changes of 34% (see uncertainty of ΔCBV v of 7.1 ± 2.4 % in section 3.5). The inter-subject variation of venous baseline oxygen saturation values would thus result in an additional uncertainty of ΔCBV v estimations of 1.0%, that is, ΔCBV v = 7.1 ± 2.4 (data noise) ± 1.0 (biological oxygenation variations) %. In this study the analysis was performed by averaging across subjects, thus neglecting individual variations in venous oxygenation level.
The sensitivity of the separation method is significantly smaller than the sensitivity of VASO. The estimation of 'arterial' and 'venous' CBV is based on the VASO signal changes as a function of TE (Fig. 5A) . Considering the small size of it and comparing it to the size of absolute VASO signal change, it suggests that the sensitivity of the separation method is about one twelfth of the sensitivity of VASO contrast and one twentieth of the sensitivity of BOLD contrast.
Estimation of 'arterial' and 'venous' CBV changes has not been done on a single subject basis but across all subjects, which has several implications regarding its limitations. (A) Intersubject variation is not considered. (B) The interplay between 'arterial' and 'venous' oxygenation and blood volume can only be investigated in predefined ROIs as additional to other imaging contrasts, and not as an independent method. (C) Due to the nonlinearity of the model, it has no distributive property (average(model(x i )) ≠ model(average(x i ))), therefore the result is dependent on the point of averaging in the evaluation chain. Due to the nonlinear signal transformation of the model, the nonlinear transformation of the substantial noise level and the corresponding noise amplification in individual subject data could render subject-wise analysis impossible. However, since the changes in T 2 * are small compared to their absolute values (see also appendix), the results of this study can be considered to be in the linear regime of the non-linear model. Hence, prior averaging with subsequent application of the model seems appropriate.
Comparison with Earlier Studies 4.2.1. Arterial and Venous Blood Volume Dynamics
There are a number of studies investigating the relationship between arterial and venous vasculature measured with various MR and non-MR modalities. In most of these studies, as listed below, there is consensus that the arterial contribution to the CBV change is much larger than the venous CBV contribution. For example, relative venous contributions of 34%
were measured with 2D OIS in rat somatosensory cortex , 30% with perfluorocarbon MRS during hypercapnic perturbation (Lee et al., 2001) , and 0-12% with two-photon microscopy in mouse somatosensory cortex (Hillman et al., 2007; Takano et al., 2006) . Comparing iron-based MR contrast agent and CBV a -sensitive MRI methods (Kim and Kim, 2005) , the arterial CBV change was shown to account almost alone for the total CBV change (Kim et al., 2007) with increasing venous contribution only for long stimulus durations (Kim and Kim, 2011) . Non-invasive human studies, using oxygen as an MR contrast agent, have shown that venous CBV can apparently even decrease in activated brain regions (Blockley et al., 2012) . This contradicts comparisons of CBV-VASO and CBV v -VERVE (Stefanovic and Pike, 2005) showing a CBV v contribution of 25% (Cohalan et al., 2009) . In summary, the relative 'venous' contribution of 29% measured in this study lies within the previously reported range of values given in the literature.
With respect to the temporal dynamics of the CBV response, delayed recovery of 'venous' CBV v is often proposed to explain the delayed return to baseline after stimulus cessation (Buxton, 2010; Kim and Kim, 2011) , in agreement with the balloon or Windkessel model Mandeville et al., 1998) . The slow return to baseline of 'venous' CBV (Fig. 5B ) in the present study, while 'arterial' CBV and CBF time courses show faster returns to baseline (Figs. 5B and 6C) is consistent with venous balloon effects. However, the two human studies investigating CBV v dynamics failed to report a delayed venous return to baseline (Blockley et al., 2012; Stefanovic and Pike, 2005) . The significantly slower poststimulus return to baseline of 'venous' CBV shown in this study has been seen only in animal studies so far (Kim and Kim, 2011; Mandeville et al., 1998) .
CBV change in ROIs of NBR
The occurrence of vasoconstriction with negative BOLD response is consistent with the majority of animal studies (Boorman et al., 2010; Harel et al., 2002; Kennerley et al., 2012b) . The fast temporal CBV response shown in Figs. 4A and 7 in ROIs with NBR is consistent with findings in (Boorman et al., 2010; Kennerley et al., 2012b) . By contrast, Harel et al. (2002) report a significantly slower CBV response in ROIs of NBR than in ROIs of PBR.
Since the vascular response underlying NBR can vary across various brain regions (Bohraus et al., 2013) and stimulation paradigms, it could be misleading to directly compare the neurovascular results of this study with studies investigating other cortical regions, for example, extrastriate (Harel et al., 2002) , or somatosensory cortex (Boorman et al., 2010; Liu et al., 2011; Pasley et al., 2007; Stefanovic et al., 2004) . The most comparable stimulation paradigm was used by Goense et al. (2012) . Their results suggest a CBV increase in ROIs of NBR. The results of the present study on humans, on the other hand, suggest a CBV decrease in these regions. The differences could be due to: (A) Differences in imaging modalities such as BOLD contamination or inflow effects in VASO could explain the conflicting results; (B) The discrepancy could be a result of differences in the experimental setup.
Comparison of the SS-SI-VASO in humans and monkeys allows distinction between these possibilities. A representative map of BOLD-and VASO signal changes in a monkey scan is shown in Fig. 8 . Throughout all four SS-SI-VASO scans in the monkey, negative VASO signal changes were seen in ROIs of NBR, indicating a CBV increase in these regions. This is consistent with results presented by Goense et al. (2012) , but it contradicts the results in humans presented here. Since the same MR sequence is used in both experiments, we hypothesize that the observed differences result from differences in the experimental setup, such as poorer visual fixation in humans, differences due to the additional task-related feedback in humans (since they are awake), or a smaller extent of negative ROIs (species differences), differences in arterial blood pressure due to anesthesia or due to differences in posture (Payne, 2006; Raz et al., 2005) , differences of attention (Moradi et al., 2012) , or differences in interstitial space and CSF dynamics during anesthesia (Xie et al., 2013) etc. Since the architecture of the cortical (micro) vasculature of striate cortex is very similar in monkeys and humans (Keller et al., 2011; Weber et al., 2008) , different vascularization is not expected to be responsible for the afore-mentioned differences observed in humans and monkeys.
Hypothetical Mechanism Underlying Negative BOLD Contrast
The spatially extended CBV increase in regions of monkey V1 that show negative BOLD responses (Goense et al., 2012) has been discussed in the context of increased venous afterload and increased venous back pressure (Bandettini, 2012; Goense et al., 2012; Smirnakis et al., 2007) . When the drainage of blood from ROIs of NBR is hampered due to increased venous back pressure arising from surrounding excited regions, the passively controlled vascular compartments can dilate for hydrodynamic reasons, independently of CBF decrease and vasoconstriction in the arterial compartments. This hypothetical mechanism provides explanations for several features of the results presented. (A) Venous back pressure can be understood as a local phenomenon. Since in monkeys the negative BOLD ROIs have the same spatial scale as the cortical thickness (3-6 mm, see Comparative fMRI studies between humans and monkeys, for example, using hemi field visual stimulation or varying the size of the negative ROI, could help to investigate the validity and extent of the above hypothesis. An additional hypothetical mechanism can be associated with the different amplitude of fMRI response in human and monkey experiments. BOLD fMRI responses and neural activity is smaller during anesthesia then in the alert condition (Goense and Logothetis, 2008; Martin et al., 2006) . Dependent on the extent of the stimulus (e.g. stimulation frequency), the interplay of inhibitory and excitatory circuits could vary, resulting in positive and negative fMRI response respectively . Hence, the different amounts of cortical input in the different conditions considered here may also cause very different hemodynamic responses.
Conclusions
We developed methods and models to investigate simultaneously the spatiotemporal characteristics of BOLD contrast and vascular responses during excitatory and inhibitory stimulation in humans. The observed responses were considered with regard to their sources in surface vessels versus microvasculature, and vascular compartments of arterially and venously oxygenated blood. By these means, features of the neurovascular coupling accessible so far only in animal models could be investigated in humans. The observed excitatory and inhibitory characteristics of CBV and BOLD contrast, together with their dependence on cortical depth and 'arterial' vs. 'venous' compartments, are in good agreement with the animal literature. Even though the interplay of mean CBV, CBF and BOLD signal changes is very similar for neural excitatory and inhibitory stimulation, some aspects of the neurovascular coupling are significantly different for the two cases, such as the temporal response, cortical depth dependence, and the weighting between 'arterial' and 'venous' contributions. Excitatory stimulation is associated with increased CBV responses in all vascular compartments, while inhibitory stimulation evokes decreases in the hemodynamic response predominantly in the larger superficial arterial vessels. These variations in the relationship between 'arterial' and 'venous' CBV and BOLD changes suggest different underlying hemodynamic control mechanisms for positive and negative BOLD responses.
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Appendix: Estimation of ΔCBV v in SS-SI-VASO
As given in Section 2.1, the SS-SI-VASO signal incorporating 'arterial' and 'venous' CBV can be expressed as: 
Even in veins during hypercapnia, the change in T 2 * between activation and rest (12 -16 ms) is much smaller compared to T 2 * differences between 'arterial' and 'venous' blood (12 -37 ms) (Ivanov et al., 2013) . Therefore,
) . Since 'arterial' CBV is defined here by its T 2 * value to be fully oxygenated, there is no BOLD effect in arteries:
�� ∆ * , − ∆ * , � = 0� and Eq. A2 can be simplified to:
C 1 can be considered as a higher order term that comprises the intravascular BOLD effect. According to the definition of ∆ / * , / in Eq. A2, it can be rewritten as:
Eq. A3 can be used to explain the features of Fig. 5A . Since 'arterial' blood has a longer T 2 * than GM, the first term of Eq. A3 is amplified for longer TEs and the 'arterial' CBV change is overestimated. Since 'venous' blood has a significantly shorter T 2 * than GM, the second term of Eq. A3 is suppressed at longer TEs and the 'venous' CBV change is underestimated. Using literature values for 'arterial', 'venous' and GM T 2 * , the TE-dependence in time courses of Fig. 5A can be used to estimate the 'arterial' and 'venous' contributions to blood volume change according to:
Assuming that the relative GM volume is small compared to the relative CBV (1 − ≈ 1 ) and considering that any CBV change is either 'arterial' or 'venous' (∆ + ∆ = ∆ ), Eq. A4 can be further simplified to:
Solved for ΔCBV v , Eq. A5 becomes: By means of Eq. A6 and the literature values given in Table A1 , the multi-exponential VASO data can be used to separate 'venous' and 'arterial' CBV changes. According to Eq. A6, signal changes at two different TEs are needed to calculate the 'venous' CBV change. Due to SNR limitations, signal changes with TEs of 12 ms and 32 ms were used in this study, neglecting signal changes measured with TE = 52 ms (Fig. 5A ). Table A2 : Literature values for estimation of the intra-vascular BOLD term C 1 .
C 1 is one order of magnitude smaller than C 2 and C 3 , which is consistent with the fact that at 7T intravascular BOLD is negligibly small (10% of the total BOLD signal (Donahue et al., 2011; Martindale et al., 2008) ). Here, C 1 is used as a linear parameter. Neglecting it can lead to an underestimation of the 'venous' CBV change by approx. 16% (resulting in ∆ = 6.1 % instead of the true value of ∆ = 7.08 %). . Signal changes within these ROIs are considered with respect to PBR and NBR, with respect to 'arterial' and 'venous' CBV, and with respect to surface and deeper cortical laminae.
Fig 2:
Statistical maps of the VASO and BOLD responses to three different stimulation paradigms in four subjects. ROIs of positive and negative signal changes were consistent across subjects. ROIs suggesting activation and deactivation were almost identical in VASO and BOLD, across subjects. Positive responses refer to the same ROIs, but during the excitatory task of the full-field flickering checkerboard. A.) For the excitatory task, GE BOLD was significantly dominated by signal from the cortical surface, compared to deeper grey matter. The VASO signal on the other hand did not exhibit this surface dominance. B.) The BOLD signal lost its surface dominance for the inhibitory task and its signal change was significantly smaller at the surface compared to deeper layers. The VASO signal change was significantly dominated by signal from the surface vessels. C.) In voxels containing surface vessels, 82% of ΔCBV comes from oxygenated 'arterial' blood in the case of the positive response. In voxels without surface vessels, the amount of 'arterial' ΔCBV is only 63%. D.) Discussion of the effect, when CBV rest distribution is assumed to be different in surface and deeper voxels. Based on the ratio of the voxel size and cortical thickness, 12% higher CBV rest is assumed in surface voxels (e.g. surface/deeper CBV ratio of ≈ 0.56/0.44 (Kennerley et al., 2005) , or ≈ 0.57/0.43 (Zhao et al., 2006) ). These ratios are estimated based on the published profiles ( Fig. 4D in (Kennerley et al., 2005) and Fig. 3A in (Zhao et al., 2006) , respectively). When laminarindependent homogeneous baseline CBV is assumed, the baseline CBV in surface voxels is underestimated and thus, the relative CBV change calculated from VASO signal change is overestimated. Signal changes with longer TE captures 'arterial' CBV change only. It can be seen, that signal change with shorter TE has a significantly faster response compared to longer TE timecourses, indicating a faster 'arterial' response compared to the 'venous' one. The difference in these time courses is used to estimate the 'arterial' and 'venous' CBV changes individually (section 2.1.1 and appendix). Signal change of TE = 52 ms is depicted for sake of completeness, but was not used for the calculation of 'arterial' and 'venous' CBV due to its high noise level (appendix). Error bars refer to inter-subject standard deviation B.) Timecourses of total, 'arterial' and 'venous' CBV during an excitatory task. 'Venous' CBV v was significantly smaller than 'arterial' CBV and showed a delayed response. 'Arterial' CBV a showed a distinct post-stimulus undershoot. C.) Timecourses of total, 'arterial' and 'venous' CBV during an inhibitory task (small flickering checkerboard). Again, change in total CBV t was dominated by the 'arterial' component. Due to the high noise level, CBV a and CBV v are depicted temporally filtered, overlaid on the unfiltered timecourses (grey). D.) Summary of blood volume changes during excitatory and inhibitory tasks. Error bars of 'arterial' and 'venous' CBV refer to standard deviation across trials. 
Fig. 7:
Timecourses of VASO CBV and BOLD signal during the rotating ring stimulation task. Timecourses are shown for surface and deeper GM voxels within these ROIs. During the excitatory task, the BOLD signal change is dominated by surface voxels while ΔCBV shows comparable timecourses in surface and deeper laminae. During the inhibitory rotating ring stimulation paradigm, ΔCBV and BOLD signal time courses have a faster post-stimulus baseline crossing. BOLD signal loses its surface dominance and the ΔCBV seems to predominantly occur in the surface voxels. 
